The Norway rat, Rattus norvegicus, is one of the most important pest species globally and the main reservoir of leptospires causing human leptospirosis in the urban slums of tropical regions. Rodent control is a frequent strategy in those settings to prevent the disease but rapid growth from residual populations and immigration limit the long-term effectiveness of interventions. To characterize the breeding ecology of R. norvegicus and provide needed information for the level of genetic mixing, which can help identify inter-connected eradication units, we estimated the occurrence of multiple paternity, distances between mothers and sires, and inbreeding in rats from urban slum habitat in Salvador, Brazil. We genotyped 9 pregnant females, their 66 offspring, and 371 males at 16 microsatellite loci. Multiple paternity was observed in 22% (2/9) of the study litters. Of the 12 sires that contributed to the 9 litters, we identified 5 (42%) of those sires among our genotyped males. Related males were captured in close proximity to pregnant females (the mean inter-parent trapping distance per litter was 70 m, ±58 m SD). Levels of relatedness between mother-sire pairs were higher than expected and significantly higher than relatedness between all females and non-sire males. Our findings indicate multiple paternity is common, inbreeding is apparent, and that mother-sire dyads occur in close proximity within the study area. This information is relevant to improve the spatial definition of the eradication units that may enhance the effectiveness of rodent management programs aimed at preventing human leptospirosis. High levels of inbreeding may also be a sign that eradication efforts are successful.
The Norway rat (Rattus norvegicus) is one of the most important pest species globally, which adversely affects agriculture productivity, ecosystem (native species and habitats), and public health (Capizzi et al. 2014) . Although its geographic range spans 6 continents and many islands, low socioeconomic areas and slums within urban settings, most notably in developing countries, are at highest risk for rat-associated diseases (Himsworth et al. 2013) .
A major example of rat-borne zoonoses with extensive global public health consequences is leptospirosis, with an estimated annual incidence of approximately 1 million people (Costa et al. 2015a; Torgerson et al. 2015) . However, this figure is a gross underestimate as exemplified by studies of the etiology of acute fevers of unknown origin (Crump et al. 2013; Susilawati and McBride 2014) . Long-term studies on human leptospirosis and risk factors for infection associated with rats in Salvador, Brazil, have established a unique opportunity for fine-scale studies of rat populations, genetic structure, the prevalence of leptospiral carriage, and their contribution to environmental contamination through shedding of infectious leptospires in urine (Kajdacsi et al. 2013; Costa et al. 2014a Costa et al. , 2014b Costa et al. , 2015b Porter et al. 2015) .
In Salvador and other large urban centers, rodent control programs employ rodenticide, environmental modification, and educational interventions in high-risk areas for leptospirosis transmission (Brazil 2002) . However, rapid recolonization and population rebound after rat control or extensive trapping limit the effectiveness of interventions (Emlen et al. 1948; Glass et al. 2009 ).
Determining the mating structure and breeding ecology of R. norvegicus and in particular assessing the presence and extent of polyandry (the female production of offspring resulting from mating with multiple males) can provide important insights on levels of inbreeding in the population. Mating structure is also relevant to characterize patterns and levels of connectivity among sampling sites if the fathers come from different sites (Kennis et al. 2008; Moore et al. 2008) . This information has important control and monitoring implications, as it informs on the possible contributions of residual and immigrating rats to post-control population growth and helps define the inter-connected populations to be considered as an eradication unit requiring simultaneous control effort . Herein, we estimate the occurrence of multiple paternity and inbreeding among Norway rats from the urban slum areas of Pau da Lima, Salvador, Brazil, to identify the minimum number of sires required to explain the offspring's genotype.
Methods

Study Site and Sampling
Salvador, the capital city of the state of Bahia in Brazil, has 2.67 million inhabitants (Instituto Brasileiro de Geografia e Estatística 2007). The neighborhood of Pau da Lima (13°32′53.47″S; 38°43′51.10″W), an urban slum community comprised of 3 valleys with a combined area of 0.18 km 2 , was chosen for rodent sampling based on the abundance of Norway rats, the high Leptospira prevalence in rats (Costa et al. 2014a ) and the high annual incidence of human Leptospira infection and leptospirosis cases, 3780/100 000 and 20/100 000 population, respectively (Felzemburgh et al. 2014) .
Norway rats were captured between May and July of 2013 at 108 spatially randomized sites within the 3 valleys of Pau da Lima (Figure 1 ), using methods previously described (Porter et al. 2015) .
During this period, every point was visited 3 times with a total trap effort of 1994 trap-nights. Additionally, 14 more distant sites, 0.5-8.2 km from Pau da Lima, were sampled to identify potential male sires. Points of capture were geocoded and entered in a Geographic Information System (GIS) database. Procedures for obtaining tissue samples followed previously established protocols (Costa et al. 2014a) .
Only pregnant rats with ≥5 fetuses were selected for this study. Fetuses from 9 rats were collected and stored in 98% alcohol until tested. The number of pregnant females, site of capture, and the number of fetuses obtained per each female are shown in Table 1 . Tail snip samples from 371 (255 from the 3 valleys in Pau da Lima and 116 from the 14 distant sites) male rats were collected and genotyped following Kajdacsi et al. (2013) . All animal procedures and methods were approved by IACUC committees at the Oswaldo Cruz Foundation (Salvador, Brazil, protocol number 003/2012) and Yale University (New Haven, CT; protocol number 2012-11498).
DNA Extractions and Genotyping
DNA from female and male rats was extracted from 3-6 mm of tail tissue using the DNeasy Blood and Tissue Kit (Qiagen). Fetal DNA was similarly extracted from approximately 20-25 mg of tissue. Samples were left to lyse at 56 °C overnight. We used the same PCR primers to genotype all specimens at 16 highly variable microsatellite loci to test for deviations from HardyWeinberg equilibrium and linkage disequilibrium, under conditions previously described (Kajdacsi et al. 2013 ) (Supplementary Table 1 ).
Paternity Analysis
We used a maximum likelihood approach to identify putative sires of the 66 embryos using the COLONY program (Wang 2004; Wang and Santure 2009 ). This likelihood framework evaluates levels of relatedness between individuals in the data set, including sibships and parentage (Jones and Wang 2010) . Long run iterations ensured that the maximum likelihood algorithm converged by the end. Importantly, we were able to include genotypes from each rat fetus and its mother to establish known mother-offspring relationships. We then added the 371 genotypes from males as candidate sires. COLONY accommodated genetic marker error rates in each likelihood algorithm.
We set both allelic dropout frequencies and genotyping error rates at 0.05 based on preliminary runs. However, through a series of exploratory runs, there was no qualitative difference when using error rates of 0, 0.01, 0.025, and 0.05. Here, we report the results from the most conservative of these parameters, with an error rate of 5%.
Consistent with ecological evidence from this species, both male and female mating systems were treated as polygamous in each algorithm, without cloning and inbreeding. As a measure of confidence, we also estimated the probability that each sire fathered each fetus. To reduce false paternity assignment, we set 90% as the minimum assignment threshold between sire and offspring. Therefore, we did not consider paternity probabilities less than 0.9 robust enough to assign a male as the sire of a fetus.
We evaluated the precision of the likelihood algorithm from the maternal likelihood values for the known mother-offspring relationships. Each fetus was correctly paired with its mother with greater than 0.99 certainty, indicating that the maximum likelihood approach in COLONY could identify parental relationships with high accuracy. We also calculated the exclusion probability for each locus and cumulatively across loci. This metric indicates how informative loci are for eliminating a male as the putative sire and is based on allelic diversity across the sampled individuals.
Lastly, we assessed levels of inbreeding within Pau da Lima rats using genetic relatedness between known mothers and putative sires with single population pairwise relatedness in GenAlEx (Peakall and Smouse 2012) . We calculated the relatedness coefficient r (Queller and Goodnight 1989) between each mother and each sire identified in the paternity analysis. This relatedness coefficient compares the proportion of alleles that are shared between 2 individuals with population-wide allele frequencies. Relatedness values range between −1 and 1, with larger r values corresponding to more closely related individuals (Burton and Krebs 2003) . In order to look for correspondence between alternative approaches, we also calculated the maximum likelihood-based relatedness coefficient r using MLRelate (Kalinowski et al. 2006) to directly compare with the r relatedness values above.
Data Archiving
In fulfillment of data archiving guidelines (Baker 2013) , we have deposited the primary data underlying these analyses with Dryad.
Results
Nine mothers and 66 offspring were genotyped at 16 microsatellite loci. Litter size ranged from 5 to 11 fetuses per female with females 118321 and 106613 having the largest and smallest litter, respectively (Figure 2 ). The total number of alleles across all loci and litters was 117 (mean 7.3 per locus). Allele calls were not possible in less than 2% of the genotype data, meaning that missing data were very low. Locus D4Cebr2 was the most polymorphic with a total of 11 alleles, whereas locus D3Wox12 had just 3 (Supplementary Tables 2.1, 2.2, and 3).
A possible mutation was detected at locus D4Cebr2 for a fetus belonging to litter 103021. The fetus was homozygous for an allele not maternally inherited or shared by any other individual examined within this study. The fetus' genotype was validated through repeated DNA extractions and PCR amplifications; The inferred sire for each individual R. norvegicus fetus is listed, along with the maximum likelihood probability of each offspring-sire paring. All offspring with inferred sires are listed, with black font denoting pairings above the 0.90 probability threshold and pairings below this threshold denoted in gray. however, COLONY flagged it as a genotyping error. COLONY also indicated a genotyping error at locus D6Cebr1 for an offspring from litter 102911. The allele in question was novel and was replicated after a repeated DNA extraction and fragment analysis. Therefore, it is more likely that it is a mutation or further instance of multiple paternity, although of all the loci examined, this was the only one that might suggest multiple paternity for this litter.
Among the 66 rat offspring, the putative sires of 25 offspring were identified among the 371 adult males in the data set with probabilities greater than 0.90 (Table 1 ). For 7 of the 9 litters, a single sire was most likely. However, offspring from 2 of the 9 litters were clearly attributed to multiple sires (Figure 2, Supplementary Figures  1 and 2) . One of these litters (#106613) was sired by 2 males, with 1 male siring 3 offspring and the second male siring 2. Offspring from the other multiple paternity litter (#124431) were sired by 3 males. One male sired 6 of 8 fetuses in this litter, whereas the other 2 offspring were each sired by 2 separate males. The dominant male contributing to this litter (with 6 of 8 offspring) was identified among the candidate males with high likelihood (probability of 0.99). However, the other 2 males siring fetuses in litter 124431 were unlikely to have been captured during our sampling (paternity probabilities of 0.14 and 0.01). Our microsatellite data were highly informative for discriminating among paternity identities. The probability that each locus could exclude males as putative sires ranged from 0.34 to 0.7 (mean = 0.54). Only 5 loci were needed to reach an exclusion probability of 0.99; the cumulative exclusion probability across all 16 loci was optimal (i.e., 1).
Adult males contributing to parentage with probabilities greater than 0.99 were located in the same valley as the pregnant females. In one case, the male belonged to the same household (peridomestic area surrounding the household and usually limited by fences) where the female was caught. The mean inter-parent trapping distance per litter was 70 m (±58 m SD). Fetal rat samples analyzed in this study were from females captured 12-878 m apart.
Levels of inbreeding were high between mothers and the putative sires of their offspring. The mean relatedness coefficient (r) between females and their mates was significantly higher than the mean r between all mothers and other males in reproductive condition (0.31 vs. −0.10, respectively). Because relatedness coefficients were not normally distributed, we assessed significance using nonparametric permutation tests in the R statistical software (P < 0.001). Results were quantitatively similar regardless of the method used to calculate relatedness and associated estimates, with significance correspondence between values in a linear regression (r 2 > 0.8, P < 0.001).
Discussion
The study of polyandry in wild-caught animals is difficult as they require capturing a sufficient number of pregnant females, males in reproductive conditions, and analysis with highly variable genetic markers to distinguish offspring from multiple males (King et al. 2014) . Of the few studies of multiple paternity R. norvegicus, data from islands off the coast of New Zealand indicate that promiscuity among females provides for high levels of polyandry. On the island of Pakihi, New Zealand, a parentage analysis using 11 microsatellite loci identified polyandry in 66% (2/3) of the litters examined (Miller et al. 2010) . A second study conducted on Moturemu Island, New Zealand, using 8 microsatellite markers, identified a genetic bottleneck (high levels of inbreeding; an estimate of only 30 rats inhabited the island) and breeding by a few dominant animals (Russell et al. 2009). Polyandry was high, but only 8 females were tested and no embryos were sampled (Russell et al. 2009 ).
Studies of other murid rodents also suggest that polyandry is significant. Among black rats, Rattus rattus, sampled from pastoral land settings in New Zealand, 94% (16/17) of females mated with multiple males as detected by 9 microsatellite loci (King et al. 2014 ). In Arizona (Dean et al. 2006) , an average of 25% (N = 143) of wild house mouse, Mus musculus, litters were sired by multiple males, as detected by 8 microsatellites loci, although there was marked variation among populations (ranging from 6% to 43% multiple paternity).
Each of the previous studies on Norway rats were restricted by sample size and limited to island populations most likely founded by only a few rats. In this study of urban Norway rat populations multiple paternity was found in 22% (2/9) of litters. As in previous studies high levels of inbreeding were documented among dyads of females and sires. Two and 3 sires were responsible for the multiple paternity litters. All males with the highest probability of siring litters were captured from the same valley, in close proximity to pregnant females (mean inter-parent trapping distance per litter of 70 m, ±58 m SD; Figure 1 ). Similarly, Russell et al. (2009) found that the average distance between family group member captures was 66 m (range 0-149 m; maximum of 200 m). We previously described high levels of genetic diversity and genetic differentiation among samples from different valleys, which are only 100-400 m apart (Kajdacsi et al. 2013) .
Although multiple paternity was not studied, microsatellite genotyping of rat populations in Baltimore, MD, indicated that ~95% of all Norway rats were assigned to their area of capture (62 m, within a typical alley length), indicating strong site fidelity. However, several rats were assigned to areas 2-11.5 km away, indicating some longdistance movement. Our results also indicate that population-level and polyandry genotypic patterns are most strongly associated with proximity among individuals, however gene flow among isolated and distant populations occur (Kajdacsi et al. 2013) , indicating that residual and immigrant populations contribute to genetic diversity within a locale.
Polyandry among R. norvegicus is an expected finding, as females can have hundreds of sexual encounters with up to 12 males in a single night, but many may not end in male emission (Calhoun 1962) . Although dominant males may attempt to protect their mates from breeding with other males, subordinate male exclusion is incomplete and female mating with multiple males is the rule (Macdonald et al. 1999) . Despite this promiscuity, most of the litters in this study (7/9) were sired by a single male. This pattern is consistent with observations from laboratory experiments of Norway rats where 11 groups of 2 males and a single primiparous female produced only a single litter with 2 males contributing (Zewail-Foote et al. 2009 ). Female choice (some males are consistently preferred by females and have higher number of copulations) (Lovell et al. 2007 ), sperm competition (Breed and Taylor 2000) , and colony/demographic structure (Calhoun 1962 ) may also influence the frequency of polyandry.
Levels of relatedness between mother-sire pairs were higher than expected and significantly higher than relatedness between all females and non-sire males (r coefficient of 0.31 vs. −0.10, respectively). The mean r of 0.31 for mating pairs is slightly higher than the expected r of 0.25 expected with half-sibling pairs (Blouin et al. 1996; Burton and Krebs 2003) . This suggests that inbreeding is occurring in this population of rats within Pau da Lima. This may be due to spatial proximity of the sires and mothers in relation to the dispersal range of offspring after weaning. Previous work at this site identified genetic clusters associated with different valleys (Kajdacsi et al. 2013) suggesting, together with this data, that high levels of relatedness may result from site fidelity or geographic barriers limiting rat movement. High levels of inbreeding may also be a sign that eradication efforts are successful if genetic diversity in the mating pool is reduced, where mating with closely related individuals becomes more prevalent (Kirkpatrick and Jarne 2000; Christensen et al. 2011) . In islands, eradication efforts seem to select a subsample of the rat population present before the eradication, resulting on reduction in population size, inbreeding of separated cores of survivors and leading to genetic structure as observed in Salvador (Kajdacsi et al. 2013 ). In the slums of Salvador it is still not clear if the high levels of inbreeding are related to the separate effect of site fidelity, geographic barriers, previous eradication or is a combination of those factors. Additional studies during rodent control campaigns will be needed to answer those questions.
Genetic structure observed between different locations on the same island may be to local and subsequent local founder effects during population recovery.
Although our findings were based on only 9 pregnant females and 66 fetuses, this is a far larger number than previously studies. The large number of unassigned sires remains problematic in an attempt to define an eradication unit but breeding by residual populations and immigration from other sites, as described by Kajdacsi (Kajdacsi et al. 2013 ) is occurring. Additionally, the median survival time of Norway rats in urban areas (from the United States) is only 2 months (Glass et al. 1989) , which reduces the chances to sample all potential sires. Studies with larger samples sizes will be required to better characterize multiple paternity patterns for R. norvegicus.
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